This paper presents an adaptive chaotic symbiotic organisms search algorithm (A-CSOS) for finding the solution of optimal reactive power dispatch (ORPD) problem which is one of the main issues of power system planning and operations. The most important advantage of symbiotic organisms search algorithm (SOS) is that is not need any particular algorithm parameters. However, the SOS algorithm has some features to be enhanced, like falling into local minima and sluggish convergence. A-CSOS algorithm with adding new and improved features like adaptivity and chaos to conventional SOS algorithm is proposed to solve ORPD problem. The ORPD problem is mainly focused on minimization of transmission loss (Ploss) and total voltage deviation (TVD). To determine the optimal set points of control variables including generator bus voltages, tap positions of transformers, and reactive power outputs of shunt VAR compensators is very crucial for minimization to Ploss and TVD. The proposed algorithm is implemented on IEEE 30-bus test power systems for ascertaining the performance of A-CSOS algorithm on ORPD problem. The results showed that the proposed approach is up to 10.39% better than many of which the latest algorithms in literature and encourage the researchers to implement A-CSOS algorithm to ORPD problem.
Introduction
Efforts to find the optimum solution for power system planning and operational problems continue today. One of these problems is the optimal reactive power dispatch (ORPD) problem which is a highly nonlinear and non-convex optimization problem [1] . The ORPD can be defined as an ideal allocation of reactive power in the power system to minimize predefined objective function while satisfying the numerous constraints. Though active power loss (Ploss) is mostly preferred as an objective function to be minimized, minimization of absolute value of total voltage deviation (TVD) and voltage stability index can be used as an objective functions in ORPD studies. Therefore, minimization of Ploss and TVD have been chosen as objective functions in this study. The parameters that are controlled to minimize the objective function are generator bus voltages, tap settings of transformers and reactive power outputs of shunt compensators [2] .
Up to now, many algorithms from classical optimization techniques to modern optimization and hybrid algorithms have been used to determine the ideal values of the control parameters. Many different modern optimization techniques such as particle swarm optimization (PSO) [3] , differential evalution (DE) [4] , biogeography based optimization (BBO) [5] , gravitational search algorithm (GSA) [6] , artificial bee colony (ABC) [7] , firefly algorithm (FA) [7] , bacteria foraging optimization algorithm (BFOA) [7] , bat algorithm (BA) [8] , cuckoo search algorithm (CSA) [8] , ant lion optimization (ALO) [9] , gray wolf optimization (GWO) [9] , teaching learning based optimization (TLBO) [10] , whale optimization algorithm (WOA) [11] , quasi-oppositional chemical reaction optimization (QOCRO) [12] are being developed and applied to ORPD and other optimization problems. However, these algorithms also have features that can be positive and negative or improved. For this reason, existing algorithms continue to C E R R A H PA Ş A
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be improved either by hybridization with more than one algorithm or by adding various features to the existing algorithm. The comprehensive learning PSO (CLPSO) [3] , hybrid particle swarm optimization and gravitational search algorithm (PSOGSA) [6] , opposition-based gravitational search algorithm (OGSA) [13] , hybrid firefly algorithm (HFA) [7] , modified ant lion optimization (MALO) [8] , quasi-oppositional teaching learning based optimization (QOTLBO) [10] , modified differential evolution (MDE) [14] , improved gravitational search algorithm with conditional selection strategies (IGSA-CSS) [15] , chaotic improved particle swarm optimization (MOCIPSO) [16] , chaotic parallel vector evaluated interactive honey bee mating optimization (CPVEIHBMO) [17] , hybrid particle swarm optimization and imperialist competitive algorithm (PSO-ICA) [18] can be given as example of algorithms developed with this approach for solving the ORPD problem. However, most of these modern optimization algorithms contain some parameters that must be determined sensitively and affecting the result significantly.
As a solution to this problem, Symbiotic Organisms Search algorithm (SOS) is introduced [19] . SOS is an algorithm that is inspired by the interaction of the organisms in an ecosystem and does not contain any particular algorithmic parameters. SOS algorithm has been implemented on some power system problems such as economic load dispatch by Guvenc et al. [20] , optimal placement of distributed generations in radial distribution systems by Das et al. [21. However, SOS algorithm offers many important advantages but also SOS may suffer from premature convergence that will lead the optimization falling into local optima when it is applied for high dimension large-scale problems. For this reason, some researchers such as Secui [22] and Saha et al. [23] have achieved better results than standard SOS by making some modifications based on the standard SOS. To find a better result in global solution set by improving searching capability and avoid falling into local optima, principle of chaos approach adapted to algorithms. The making some modifications and using hybridization techniques affect positively to performance of originals. However, handling the constraints within limits cannot be assured when using these methods to solve especially complex optimization problems. To find global optimum solution for large-scale problems like ORPD problem, not only to improve the original methods but also to handle constraints have to be required well simultaneously. In many studies, quadratic penalty function is used to overcome all equality and inequality constraints, but this method has some penalty parameters that significantly affect the solution and to be needed a large amount of time to determine the optimal values. In addition to this, static penalty method also has some coefficients that significantly affect the solution and be required time-consuming trial and errors. More recently, adaptive penalty schemes have been introduced with the goal of eliminating above-mentioned problems and evaluating each candidate solution using specific feedback information for every iteration. One of the most promising self-adaptive penalty approach is the Global Competitive Ranking (GCR) method [24] .
In this paper, adaptive chaotic symbiotic organisms search algorithm (A-CSOS) is designed by integrating the chaos and adaptive penalty features into SOS. The proposed A-CSOS algorithm is applied to ORPD problem comprising the Ploss and TVD minimization on IEEE 30-bus test power system. Simulations are performed on four different test cases which are Ploss minimization with continuous variables, Ploss minimization with discrete variable transformer taps and shunt compensator outputs, TVD minimization with continuous variables, TVD minimization with discrete variable transformer taps and shunt compensator outputs. Simulation results show that the proposed algorithm gives substantially better result than the best result of many other state-of-art algorithms. Therefore, A-CSOS will be one of the most promising algorithm for ORPD and an encouraging algorithm for other constrained optimization problems.
Problem Description
The minimization of Ploss which is the first objective function in this study, means the amount of active power losses in transmission lines. TVD minimization, which is taken as the second objective function in this study, is used for minimizing absolute deviations of all the actual PQ bus voltages from their desired or set values denote to first and second objective functions, respectively; x 1 and x 2 denote to dependent and independent variables, respectively; N br express the total number of branches; G br is the conductance of line-br connecting buses i and j; V i is the bus voltage magnitude at bus i; δ ij is the phase angle difference between bus-i and j; N PQ is the number of PQ-bus.
Subject to equality and inequality constraints are represented by Eq. (3) and Eq. (4), respectively. 
where N PV is the number of PV-bus, N T is the number of tap changing transformers, N c is the number of VAR compensators.
While both two objective functions are minimized, all equality and inequality constraints must be satisfied simultaneously.
The equality constraints denoted by g in Eq. (3) are shown in Eq. (7) and (8).
where N B is the number of bus, P Gi and Q Gi are the amount of of active and reactive power generation for bus i, respectively; P Li and Q Li are the amount of of active and reactive power load for bus i, respectively.
The inequality constraints denoted by h in Eq. (4) are composed of the maximum and minimum limits of generator and load bus voltages, the minimum and maximum reactive power outputs of generators and shunt compensators, the minimum and maximum ratios of tap changing transformers, the maximum line capacity expressed in Eq. (9-14), respectively.
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Methods
The SOS algorithm has been developed as an important alternative to algorithms that have some algorithmic parameters that affect solution accuracy significantly and that must be specified by the user. Due to this advantage, it has been applied to many optimization problems to date and successful results have been obtained.
However, as the problem of applying the SOS algorithm becomes more complicated, the convergence time of the algorithm is prolonged and the accuracy of solution is insufficient. Therefore, the exploration and exploitation capabilities, and convergence speed of standard SOS should be enhanced.
In this section, the standard SOS algorithm is briefly explained, and then the modifications on the SOS are described in the subheadings.
SOS Algorithm
Symbiotic Organisms Search algorithm inspired by the symbiotic interactions between different organisms living in an ecosystem [19] . The mutualism, commensalism, and parasitism constitute the basic relations of SOS.
Mutualism:
Mutualism is a relationship based on the fact that the two organism in the ecosystem benefit more or less from one another. The relationship between bee and flower is an example of this phenomenon. Not only bees get benefited by collecting nectar from flower for producing into honey, but also flowers get benefited from bees that help to flowers to become fruit by pollination. This phase is mathematically expressed as follows in the standard SOS.
In above equations, X i act represents an organism that corresponds to ith organism in the ecosystem, X j act represents a randomly selected organism that interacts with X i act ; X best represents an organism with the minimum fitness value in the ecosystem; X i new and X j new denote the new obtained organisms after performing mutualism; the rand expression is a random value between 0 and 1; BF 1 
Commensalism:
Commensalism is the type of relationship in which one organism in the ecosystem benefits from this relation while the other is unaffected. The relationship between shark and remora fish is an example of this phenomenon. Remora fish adhere to the shark and feeds by eating residue from shark's food. Therefore, the remora fish get benefit, whereas the shark is not affected by the natural process of remora fish. This phase is mathematically expressed as follows in standard SOS: (19) where X i new denotes the new obtained organism after performing commensalism; the expression rand (-1,1) is the random value between -1 and 1. The assessment of the obtained new organism X i new is the same as in the mutualism phase.
Parasitism:
Parasitism is defined as the type of relationship that one of the two organisms in the ecosystem has benefited from this relation while the other is harmed. The interaction between a plasmodium anopheles and human is an example of this phenomenon. If an infected anopheles mosquito bites at human, anopheles gets benefit because of feeding. The human, by contrast, is damaged by a fatal parasite that causes malaria.
X i act denotes to parasite vector. To be a parasite vector, modifies itself by the help of a random vector. For hosting to the parasite vector, an organism X j act is randomly selected. The fitness value of infected vector X j act and parasite vector X i act is calculated. If the parasite vector has a better fitness value than infected vector, kills to infected vector and substitute X j act , otherwise, X j act kills to parasite vector and remain the position of X j act .
A-CSOS Algorithm
Symbiotic Organisms Search algorithms has some disadvantages such as slow convergence and falling into local optima. Therefore, the global and local searching abilities, and convergence capability of standard SOS can be enhanced.
Chaos maps are known to significantly increase the exploration and exploitation proficiencies of the algorithms. On the other hand, the success of an algorithm depends not only on its own capabilities but also on the chosen constraint handling strategy. Standard SOS is enhanced by incorporating the chaos and adaptive penalty features. The modifications are specified in following subsections.
Chaos Integration in Mutualism and Commensalism Phases
In this study, logistic map that is one of the most used chaotic maps is preferred. The logistic map is applied to the rand statement in mutualism phase and rand (-1,1 
Global Compatitive Ranking
In most studies, if one of the constraints is exceeded, a penalty value is added to the objective function for manipulating candidate individual from infeasible to feasible region. Commonly used fitness function for ORPD problem is given as follow: (X i ) is the amount of violation of the j-th constraint for the candidate solution X i ; P f represents the probability that an individual's fitness function value is determined according to its objective function value. It is suggested by the author that a value between 0 and 0.5 for the P f value.
The flow diagram for solving the ORPD problem with the A-CSOS algorithm is shown in Figure 1 .
Findings
Optimal reactive power dispatch problem is applied on IEEE 30-bus system. Within this scope, the following four different cases are studied in this paper. The IEEE 30-bus system has 19 control variables which are 6 generator bus voltages, 4 tap ratios of transformers and 9 shunt VAR compensators. The limits of control variables are given in Table 2 .
Results of Case-1 using the A-CSOS algorithm
As mentioned earlier, it is assumed that all control variables are continuous in Case-1. Table 3 presents the optimal value of control variables and the best objective value obtained from 30 test runs for Case-1. The results of the other well-known algorithms are also given in Table 3 .
According to Table 3 , A-CSOS are able to reduce the Ploss by 19% with respect to the base case. In comparison with the best result of other algorithms, A-CSOS algorithm gives 0.01621 MW better result. The convergence profile of A-CSOS algorithm over 100 iterations for Case-1 is shown in Figure 2 . It is seen from the convergence performance of Case-1 optimization in Figure 2 , the minimum value convergence obtained by the proposed algorithm is approximately twenty fifth iteration.
Results of Case-2 using the A-CSOS algorithm
In Case-2 optimization, it is assumed that the output of capacitors and tap ratios are discrete. The minimum value obtained by the A-CSOS algorithm and the other well-known algorithms for Case-2 analysis and the control parameter values for the best results are presented in Table 4 .
Although the optimization problem is more difficult when the control parameters are discrete variables, it is seen that the A-CSOS algorithm achieves much better values than the results obtained with the other algorithms reported in Table 4 . The convergence profile of A-CSOS algorithm for Case-2 optimization is shown in Figure 2 . As can be seen in Figure 2 , with the contributions of chaos and adaptive penalty approaches, organisms in the ecosystem find the global minimum or near global minimum point in a very short time.
Results of Case-3 using the A-CSOS algorithm
The TVD minimization denoted Case-3 adjusts the values of the control parameters so that the voltage magnitudes of the buses can be operated as close as possible to the nominal value specified in the grid code of the countries. It is assumed that all control variables are continuous in Case-3. Table 5 demonstrates the best TVD value and the value of control parameters within this aim. The TVD value, which is 0.8603 p.u. according to the base case scenario, is reduced to 0.08679 p.u. when optimized with the A-CSOS algorithm. Compared The convergence profile of A-CSOS algorithm for Case-3 optimization is shown in Figure 3 .
Results of Case-4 using the A-CSOS algorithm
In Case-4 optimization, it is assumed that the output of capacitors and tap ratios are discrete. The optimal value of control variables for the obtained minimum TVD value is presented in Table  6 . The convergence profile of A-CSOS is shown in Figure 3 .
According to Table 6 , TVD is to be reduced by 89.89% (0.77329 p.u.) with respect to the base case. In comparison with the best result of declared state-of-art algorithms, A-CSOS algorithm gives 10.39% (0.01009 p.u.) better result.
It is seen from Figure 3 that A-CSOS finds the minimum and feasible TVD solution approximately in fifth iteration.
Conclusion
In this paper, SOS algorithm is hybridized with chaos theory and self-adaptive penalty approach in order to design a novel meta-heuristic Adaptive Chaotic Symbiotic Organisms Search Algorithm (A-CSOS) for solving highly nonlinear ORPD problem. The ability of the proposed A-CSOS algorithm is proofed by implementing on both continuos and discrete ORPD problem consisting of active power loss and total voltage deviation minimization in IEEE 30-bus.
According to Case-1 results, it is understood that the A-CSOS algorithm yields 19% better than the base case and 0.36% better than the best results of the other algorithms reported. According to Case-2 results, it is seen that the A-CSOS algo- rithm yields 18.98% better than the base case and 0.58% better than the best results of the other latest algorithms. According to Case-3 results, it is understood that the A-CSOS algorithm yields 89.91% better than the base case and 3.22% better than the best results of the other state-of-art algorithms. According to Case-4 results, it is inferred that the A-CSOS algorithm yields 89.89% better than the base case and 10.39% better than the best results of the other latest algorithms. Since the ecosystem is sorted in terms of the value of the objective functions and total constraint violation, the proposed algorithm requires more processing and computation time than the standard SOS algorithm. Considering the best results obtained with the proposed algorithm and the elimination of the determining process of penalty coefficients, the additional computation time is acceptable.
The obtained results indicate that the proposed algorithm yields a lower Ploss and TVD value than the best result of the other algorithms. When the results are evaluated, the proposed algorithm yields a lower Ploss and TVD value than the best result of the other algorithms.
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